Abstract-This paper describes a two-dimensional (2-D
INTRODUCTION
The PMSMs have become the most interesting choice for electric powertrains in automotive applications, mainly EVs/HEVs/FCVs. This is due to their high torque/power and torque/power density performances [1] . During the last decades, interior PMSMs have been used extensively in EVs and HEVs [2] - [4] . Compared with surface-mounted PMSMs, since the PMs are buried in the rotor iron, interior PMSMs have robust rotor construction and the PMs are shielded from the demagnetizing armature reaction field, as well as the PM eddy-current losses are reduced [5] . Furthermore, due to the difference between d-and q-axis inductances, a reluctance torque exists, which enhances the electromagnetic performances. Moreover, interior PMSMs are eminently suitable for automotive applications, which require a wide speed range of constant power operation. This is ensured by higher flux-weakening capability [1] - [2] . During the last decades, different approaches have been developed to study and/or analyze interior PMSMs. Due to the saturation effect and the significant leakage flux caused by magnetic short-circuit inside the rotor, it is difficult to use directly the subdomain technique in Maxwell-Fourier methods to predict the magnetic field distribution although some efforts have been made [6] - [9] . Generally, numerical methods are considered as the best approaches to analyze precisely interior PMSMs. Different studies have been achieved [10] - [12] . However, it is time consuming, which is their main disadvantage. Therefore, a MEC constitutes an excellent compromise to model interior PMSMs with accuracy and less calculation time [13] - [18] , which allows to couple with optimization algorithms.
In this paper, the approach proposed in [19] is applied to study a radial-flux interior PMSM for automotive application. The developed semi-analytical model includes the automatic mesh of static/moving zones, the saturation effect, and zones connection in accordance with rotor motion based on a new approach called "Air-gap sliding-line technic", which was applied in [20] - [23] on different electrical machine configurations (i.e., axial-flux interior PM machine, coaxial magnetic gear equipped with surface-mounted PMs, and wound-rotor synchronous machine). This novel technique of connection between static/moving zones is applied for the first time on a radial-flux interior PMSM. Nevertheless, it should be noted that there are other techniques permitting to connect static/moving zones in electrical machines, which have been overviewed in [19] . In section II, the 2-D nonlinear adaptive MEC is described. To account for the saturation effect, an iterative process is considered. The nonlinear B(H) curve of the iron is then introduced by using the Marrocco's interpolation function. In section III, the radial-flux interior PMSM with 18-slots/16-poles having a double-layer concentrated winding (all teeth wound type) has been studied for no-load/load operating points. In order to evaluate the reliability of the proposed method, the magnetic flux density, the magnetic flux linkage, and the voltage are compared to 2-D FEA calculation [24] . Finally, the computation time and precision are analyzed.
II. 2-D NONLINEAR ADAPTIVE MEC
A. Problem Description The generalized nonlinear adaptive MEC has been applied to a radial-flux interior PMSM with 18-slots/16-poles (i.e., fractional-slot number) [see Fig. 1 ]. This electrical machine is used for automotive application (i.e., 16 kW @ 1,000 rpm), mainly for EVs/HEVs/FCVs.
The topology of the machine is represented in Fig. 1(a) . The stator has a double-layer concentrated winding distribution (viz., the non-overlapping winding with all teeth wound), supplied by sinusoidal current waveform with a maximum amplitude of s max depicted in Fig. 1(a) . Due to the periodicity of the winding, the machine can be studied according 9-slots/8-poles. The PMs, inserted in the rotor core and radially magnetized, are isotropic and have a linear demagnetization characteristic with a maximum operating temperature mf T equal to 100 °C. The rotor bridge must be as thin as possible to avoid flux leakage. Its thickness should be obtained by optimal design to ensure best electromagnetic performances and mechanical robustness. The geometrical and physical parameters of the studied radial-flux interior PMSM are represented in Fig. 1 (b) and given in TABLE I.
B.
Automatic Mesh The electrical machine is decomposed into two zones, i.e., a static zone and a rotary zone. Each zone can be modeled independently and the interconnecting between the two zones is accomplished by an "Air-gap sliding-line technic" [19] . Consequently, the stator or/and rotor topology can be replaced by another type of construction. The stator (rotor) is divided into 3 (4) zones in the r-axis and 5 (5) zones in the -axis.
The mesh elements having the same magnetic permeability is the relative magnetic permeability of the PMs. The saturation effect is taken into account by interpolation of the nonlinear B(H) curve with a mathematical formulation , e.g., the Marrocco's function [25] . The relative magnetic permeability can be expressed by
where b is the magnetic flux density divided by 1T , 
III. COMPARISON OF THE NONLINEAR ADAPTIVE MEC AND FINITE-ELEMENT CALCULATIONS
A. Introduction For the comparison, the radial-flux interior PMSM has been modeled using Cedrat's Flux2D software package (i.e., an advanced finite-element method based numeric field analysis program) [24] .   . The computation time is divided by 3/2 with respect to numeric.
B.
Results Discussion 1)
Magnetic Flux Density: The magnetic flux density is calculated in the various parts of the machine. In this paper, the Fig. 2 
]:
 Zone 3 (i.e., isthmus/tooth-tips/teeth) in the static zone;  Zone 1 (i.e., bridge/iron inter-pole) in the moving zone.  Static and moving air-gap.
The r-and -component of B at load ( s max I @ 1,000 rpm) are illustrated in Fig. 5-8 . The components of B in the isthmus/tooth-tips/teeth [see Fig. 5 ] as well as in the bridge/iron inter-pole [see Fig. 6 ] are very saturated. The results are in good agreement with 2-D FEA, which confirms that the nonlinear solving method is accurate. The components of B in the static and moving air-gap [see Fig. 7-8 ] are in good agreement with the 2D-FEA, which confirms the reliability of the proposed method concerning the zones connection for the rotor motion. Fig. 4(b) shows the equipotential lines of magnetic potential vector for the initial rotor position (i.e., rs 0   ) at no-load. Due to the fractional-slot number, the magnetic flux path is difficult to predict, over the different rotor positions. Therefore, the automatic mesh developed for the MEC appears as a good general solution with an error less than 7 %.
2)
Magnetic 
IV. CONCLUSION
In this paper, a 2-D nonlinear adaptive MEC of a radial-flux interior PMSM has been developed. It includes the automatic mesh of static/moving zones, the saturation effect and the rotor motion. The local quantities such as the magnetic flux density in the different parts of the machine can be calculated with high accuracy, including in the saturated zones. The integral quantities (viz., the magnetic flux linkage and the voltage) at no-load/load can also be calculated precisely. The obtained results have been validated with the 2-D FEA considering radial-flux interior PMSM with 18-slots/16-poles having a double-layer concentrated winding (all teeth wound type). The computation time is divided by 3/2 with respect to numeric. The error is less than 7%.
